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Abstract 
Environmental enrichment (EE), comprising positive physical (exercise) and cognitive stimuli, 
inﬂuences neuronal structure and usually improves brain function. The promise of EE as a pre- 
ventative strategy against neuropsychiatric disease is especially high during early postnatal 
development when the brain is still amenable to reorganization. Despite the fact that male 
and female brains differ in terms of connectivity and function that may reﬂect early life ex- 
periences, knowledge of the neural substrates and mechanisms by which such changes arise 
remains limited. This study compared the impact of EE combined with physical activity on neu- 
roplasticity and its functional consequences in adult male and female rats; EE was provided 
during the ﬁrst 3 months of life and our analysis focused on the hippocampus, an area impli- 
cated in cognitive behavior as well as the neuroendocrine response to stress. Both male and 
female rats reared in EE displayed better object recognition memory than their control counter- 
parts. Interestingly, sex differences were revealed in the effects of EE on time spent exploring 
the objects during this test. Independently of sex, EE increased hippocampal turnover rates 
of dopamine and serotonin and reduced expression of 5-HT 1A receptors; in addition, EE upreg- 
ulated expression of synaptophysin, a presynaptic protein, in the hippocampus. As compared 
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to their respective controls, EE-exposed males exhibited parallel increases in phosphorylated 
Tau and the GluN2B receptor, whereas females responded to EE with reduced hippocampal 
levels of glutamate and GluN2B. Together, these observations provide further evidence on the 
differential effects of EE on markers of hippocampal neuroplasticity in males and females. 
© 2018 Elsevier B.V. and ECNP. All rights reserved. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1. Introduction 
A multiplicity of environmental factors, acting on highly-
plastic developing neural substrates, contribute to the
structure and function of the adult brain, including its
ability to respond to further challenges and opportunities
( Bredy et al., 2004; Callaghan and Tottenham, 2016; Murga-
troyd et al., 2009; Wu et al., 2014 ). Numerous studies have
focused on the mechanisms underlying the negative im-
pact of early adverse environments on mood and cognition
( Sousa, 2016; Vyas et al., 2016 ). At the same time, several
studies suggest that enriched environments (EE, e.g. expo-
sure to novel and/or complex stimuli, and physical exercise)
enhance behavioral performance ( Simpson and Kelly, 2011a )
or even revert age-related neuropathology and cognitive im-
pairments deﬁcits ( Nithianantharajah and Hannan, 2006; Si-
fonios et al., 2009 ). The neuroplastic phenomena involved
in EE-induced improvements in function include increased
cortical and hippocampal volume/thickness, and en-
hanced neurogenesis, synaptogenesis and dendritic branch-
ing ( Bindu et al., 2007; Fischer, 2016 ). Although the beneﬁ-
cial effects of EE are widely acknowledged, analysis of the
literature reveals considerable variability in the size of ef-
fects observed; this variability is likely attributable to the
type and duration of EE, and sex and age of the subjects at
the time of EE. For example, we previously reported that EE
may engage different neurochemical and molecular mecha-
nisms in brains of young/adolescent vs. adult rats ( Bessinis
et al., 2013 ) and that external stressors impact differently
in terms of neuroplastic and behavioral responses in the two
sexes ( Dalla et al., 2010; Sotiropoulos et al., 2015 ). Never-
theless, very few studies have examined how EE during early
life inﬂuences brain development in females ( Connors et al.,
2015; Girbovan and Plamondon, 2013a; Kentner et al., 2018;
Simpson and Kelly, 2011a ). The present study represents
a more detailed systematic analysis of how EE during the
ﬁrst 90 days of postnatal life alters a number of neu-
roplastic mechanisms implicated in the manifestation of
neuropsychiatric-like symptoms in adult rats of both sexes.
The clinical relevance of this work becomes amply appar-
ent when one considers evidence from a large-scale survey
that there are major sex differences in vulnerability to, and
incidence and severity of, the majority of neuropsychiatric
conditions ( Kokras and Dalla, 2017; Wittchen et al., 2011 ). 
2. Experimental procedures 
2.1. Animals and treatments 
All experiments were conducted in accordance with the
guidelines for the care and handling of laboratory ani-
mals in EU Directive 2010/63. The timeline of the exper-Please cite this article as: N. Kokras, I. Sotiropoulos and D. Besinis et al
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2018.11.1107 iment is depicted in Fig. 1 . Speciﬁcally, pregnant Wistar
rats were housed in individual cages until they gave birth
when, together with their litters they were either housed
in enriched or standard conditions, as described below. Lit-
ters were culled to 10 each (both sexes) on postnatal day
3 (P3) and weaned at postnatal day 26 (P26), as previ-
ously described ( Bessinis et al., 2012;2013 ). Rats were then
housed according to sex and per-weaning conditions, un-
der either standard conditions (CON males, n = 7; CON fe-
males, n = 7) or in environmentally-enriched (EE) set-ups
(EE males n = 7, EE females, n = 7). Generally, all animals
experienced standard animal housing conditions (lights on
from 8 a.m. to 8 p.m.; room temperature 22 °C; rela-
tive humidity of 55%, ad libitum access to food and wa-
ter), but the EE-exposed groups were maintained in larger
cages, measuring W 80 cm x D 49 cm x H 38 cm (Criceti-
16 cages, IMAC, Vincenza, Italy) that were equipped with
two running wheels, an “upper ﬂoor”, two tunnels, 2 feed-
ing bowls, 3 water bottles, and two plastic play items
(house, measuring 165 × 100 × 110 mm and a bridge, mea-
suring 205 × 65 × 100 mm); the positions of all objects were
changed every second day, and the space was reorganized,
as previously described ( Bessinis et al., 2013 ). It should be
noted that the existence of the running wheels contributes
to the EE by combining physical activity as well. Control
(non-enriched) animals were housed in standard labora-
tory cages measuring W 60 cm x D 40 cm x H 20 cm. Vagi-
nal smears were examined on a daily basis between P83
and P90 to determine estrous cycle phase ( Kokras et al.,
2015 ). The distribution of cycle phases on P90, when ani-
mals were killed, was: CON females in proestrous/estrous
( n = 4), diestrous I or II ( n = 3), and EE females in proe-
strous/estrous ( n = 3), diestrous I and II ( n = 4). Male and fe-
male rats were killed 48 h after the behavioral tests ( Fig. 1 )
by rapid decapitation when their trunk blood was collected,
and brains were excised and snap-frozen and stored at
−80 °C until further analysis (see below). The blood serum
was assayed for corticosterone using a radioimmunoassay kit
(MP Biomedicals, Costa Mesa, CA), as previously described
( Kafetzopoulos et al., 2018; Kokras et al., 2012 ). The inter-
and intra-assay coefﬁcients of variation were both 8%. 
2.2. Behavioral tests 
The Open Field (OF) test was used to measure locomotor
and exploratory behavior and as an index of anxiety (time
spent in the center). The OF was a Plexiglass chamber (W40
x D40 x H40; Med Assoc., USA) with automatic movement
detection. All animals were exposed to the OF on P86, after
being acclimated to the test room for 1 h prior to testing.
Individual rats were introduced into the center of the OF
and allowed to freely move within it for 5 min after which., Neuroplasticity-related correlates of environmental enrichment 
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Fig. 1 Timeline of the experimental procedures. P1, P26, P86, P88, P90 refers to postnatal days. HPLC = High Performance Liquid 
Chromatography. WB = Western Blot. 
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(hey were returned to their home cages. The OF arena was
leaned thoroughly (70% and 10% ethyl alcohol) before the 
ext rat was tested. Behavior during each trial was video 
ecorded and locomotor activity, rearing behavior and num- 
er of entries and time spent in the center of the open
eld was scored using Activity Monitor software (version 5, 
ed Associates, Fairfax, VT, USA), as described previously 
 Kokras et al., 2012; 2018 ). 
A Novel Object Recognition (NOR) test served to assess 
ne aspect of cognition (non-spatial working memory) on 
88. Animals were familiarized with the test room for 1 h
efore being introduced into the NOR apparatus which con- 
isted of the OF (described above) in which 2 objects were
laced. Rats were placed at the center of the apparatus
uring 2 trials of 10 min each (separated by an interval of
0 min, with cleaning of the test arena – as before – be-
ween consecutive trials). This version of the NOR, which 
epends on functional integrity of the hippocampus ( Clark 
t al., 2000 ), was previously used to detect sex differences
n the effect of EE ( Sutcliffe et al., 2007b ). During Trial 1
T1), the objects in the arena were identical and the time
pent exploring these was recorded. During Trial 2 (T2), one 
f the objects was replaced by a new object (object B) that
iffered from the ﬁrst (object A) in terms of color, shape
nd texture, and the time spent exploring each of the ob-
ects was recorded. Metal objects (rounded and white with 
olored stripes) were used before introduction to the novel 
bject that was made of glass (black, bottle-shaped). A 
reference index was computed from time spent exploring 
ovel object (N)/total time spent exploring both objects 
N + O) in T2. Data acquisition and analysis was done us-
ng Kinoscope software ( Gemmel et al., 2017; Kokras et al.,
017 ). 
.3. Neurochemical assays 
opamine (DA) and serotonin (5-HT) were measured 
n hippocampal extracts. Brieﬂy, one-half of the brain 
f each animal was homogenized, deproteinized (in 
00 μL of 0.1 N perchloric acid solution containing 7.9 mM
a 2 S 2 O 5 and 1.3 mM Na 2 EDTA), and centrifuged (15,000 g,
5 min, 4 °C), after which the recovered supernatants 
ere stored at − 80 °C until analysis. High-Performance- 
iquid-Chromatography (HPLC) detection of dopamine and 
erotonin was carried out using a GBC LC1150 (GBC Inc, 
raeside, Australia) apparatus, outﬁtted with an Aquasil 
18 column (150 mm × 2.1 mm; 5 μm particle size; Thermo
isher Scientiﬁc, Massachusetts, USA) and coupled to a 
lectrochemical detector set at + 800 mV (BAS LC4C, Bio-Please cite this article as: N. Kokras, I. Sotiropoulos and D. Besinis et al.
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2018.11.1107 nalytical Systems, USA). HPLC was performed following a 
reviously-described protocol ( Gemmel et al., 2016; Mor- 
ado et al., 2015 ), with minor modiﬁcations. Reverse-phase
on pair chromatography (mobile phase: 50 mM phosphate 
uffer at pH 3.0, containing 300 mg/L sodium octylsulfate,
0 mg/L Na 2 EDTA, and acetonitrile added at a concentration
f 6–9%) was used to assay dopamine (DA) and its metabo-
ites 3,4 dihydroxyphenylacetate (DOPAC) and homovanillic 
cid (HVA), and serotonin (5-HT) and its metabolite 5-
ydroxyindoleatic (5-HIAA). Reference standards were 
repared in 0.1 N perchloric acid solution, containing 
.9 mM Na 2 S 2 O 5 and 1.3 mM Na 2 EDTA. Transmitter concen-
rations were quantiﬁed by comparison of areas under the
urve (AUC) with those obtained with external reference 
xternal standards, using Clarity software (Data-Apex, 
zech Republic); the sensitivity of the assay was 1 pg/20 ul
f injection volume. An index of serotonergic and dopamin-
rgic activity was obtained from estimations of DA (HVA/DA
nd DOPAC/DA ratios) and 5-HT (5-HIAA/5-HT ratio); these 
ctivities reﬂect transmitter release and/or metabolic 
ctivity ( Kyratsas et al., 2013; Mikail et al., 2012 ). 
Hippocampal tissue levels of glutamate were measured 
y HPLC, using a GBC LC1150 (GBC Inc, Braeside, Aus-
ralia) pump coupled to a BAS LC4C electrochemical de-
ector, after pre-column derivatization. Minor modiﬁca- 
ions of a previously-described method were used ( Kokras
t al., 2009; Melo et al., 2015 ). Brieﬂy, a glass-carbon
orking electrode (set at + 800 mV), an Ag/AgCl 2 refer-
nce electrode, and a Hypersil Gold aQ (150 mm × 2.1 mm,
 μm, from Thermo Fisher Scientiﬁc) were used. The mobile
hase consisted of a 5% acetonitrile in 100 mM monosodium-
hosphate buffer (pH 5.5), containing 0.5 mM Na 2 EDTA.
amples were initially diluted 1:100 with ddH 2 O, then fur-
her diluted 1:1 with 0.1 M borax buffer (pH 10.4) to which
-phthalaldehyde was added; this mixture was left to stand
t room temperature for 10 min prior to injection. Compari-
on of areas under the curve (samples vs. reference external
tandards) using Clarity software, allowed quantiﬁcation of 
lutamate levels. 
.4. Immunoblotting 
ne-half of each hippocampus was homogenized in ly- 
is buffer, as described previously ( Kokras et al., 2011;
otiropoulos et al., 2011 ). After centrifugation (14,000 g,
5 min, 4 °C), protein contents were estimated by Brad-
ord assay. After reconstitution in Laemmli buffer, lysates 
ere boiled at 95 °C for 10 min and electrophoresed
BIO-RAD Mini-Protean Tetra Cell Electrophoresis Electrode , Neuroplasticity-related correlates of environmental enrichment 
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 Tank) on 10% acrylamide gels and transferred onto ni-
trocellulose membranes (BIORAD Turbo). Membranes were
blocked in Tris-buffered saline, containing 5% nonfat dried
milk powder and 0.2% Tween-20 before incubation with
the following antibodies: Tau5 (1:2000; Abcam, Cambridge,
UK), PHF1 (p-Ser396/404-Tau; 1:200; kindly provided Dr.
Peter Davies (Albert Einstein College of Medicine, New
York, NY), GluNR2B (1:1000; Abcam), GluA2 (1:500; Ab-
cam), PSD95 (1:5000; NeuroMab, Davis, CA, USA), Synap-
tophysin (1:5000; Synaptic Systems, Goettingen, Germany),
Synapsin I (1:5000; Synaptic Systems), and 5-HT 1A receptor
(1:2500), as well as GAPDH (1:1000; Santa Cruz Biotechnol-
ogy, Heidelberg, Germany). The Western blots were scanned
and quantiﬁed using TINA 3.0 bioimaging software (Raytest,
Straubenhardt, Germany) after ascertaining linearity. All
values obtained for proteins of interest were normalized to
levels of GAPDH and expressed as percentages of control
male animals; however, pTau levels were normalized to to-
tal Tau levels. 
2.5. Statistical analysis 
Results were analyzed with SPSS v.24 (IBM Corp, NY, US) af-
ter controlling that all data met pre-conditions of ANOVA.
For all experiments, a two-way ANOVA was performed with
sex (male; female) and environment (SE, standard environ-
ment; EE, enriched environment) as independent variables.
A similar ANCOVA, but with the addition of the cycle as a
covariate, showed no signiﬁcant effect of the stage of the
cycle. Signiﬁcant Sex X Environment interactions were fur-
ther explored with post-hoc pairwise comparisons with Bon-
ferroni type I error correction. Statistical signiﬁcance was
set at p < 0.05. Results are reported as means ± standard
error of the mean (SEM). 
3. Results 
3.1. Physiological parameters inﬂuenced 
by early-life environmental enrichment (EE) 
As expected, male rats had signiﬁcantly greater body
weights than females [F 1,24 = 4498.265, p < 0.001], but
EE did not inﬂuence body weight gains in either sex
[CON Males = 332 ± 36 gr; EE males: 346 ± 19 gr; CON fe-
males = 230 ± 13 gr; EE female = 224 ± 9 gr, data not shown
in ﬁgures]. 
A two-way ANOVA revealed a Sex x EE interaction on cor-
ticosterone levels [F 1,24 = 3.93, p = 0.05] and post hoc tests
showed that females reared under EE conditions (EE) had
higher circulating levels of corticosterone than males in EE
( p = 0.045) ( Fig. 2 (A)). 
3.2. Early-life environmental enrichment (EE) 
improves object recognition memory in both sexes 
but enhances object’s exploration only in males 
Results of behavior in an open ﬁeld (OF) arena are shown in
Fig. 2 (B) and (C). Two-way ANOVA analysis failed to detectPlease cite this article as: N. Kokras, I. Sotiropoulos and D. Besinis et al
combined with physical activity differ between the sexes, European N
2018.11.1107 sex-related differences in locomotion, as measured by lo-
comotor activity and rearing behavior which, in the unhab-
ituated open ﬁeld test, are indicative of emotionality and
exploratory motivation ( Antoniou et al., 1998 ). However, a
main effect of Sex [F 1,24 = 4.196, p = 0.05] was identiﬁed by
monitoring the number of entries in the center and a simi-
lar trend was observed for the time spent into the central
area of the arena [F 1,24 = 4.020, p = 0.056], with females
making overall more such entries than males and spending
marginally more time in the center ( Fig. 2 (D) and (E)). 
Using the novel object recognition (NOR) test to assess
the inﬂuence of EE on one aspect of cognitive behavior
( Fig. 2 (F) and (G)), we uncovered a signiﬁcant interaction
between Sex and EE in the percentage of time spent ex-
ploring objects during the training session [F 1, 24 = 9.467,
p = 0.005]. Post hoc analysis revealed differences in ex-
ploratory behavior for both objects between males raised
under control vs. EE conditions ( p = 0.005) and between EE-
reared males and females ( p = 0.007) ( Fig. 2 (F)). A signiﬁ-
cant Sex and EE interaction was also found with respect to
the total object-exploration time in the test phase of the
NOR paradigm [F 1, 24 = 7.556, p = 0.011], with post hoc tests
revealing greater exploration times by CON females vs. CON
males (p = 0.005) and vs. EE females ( p = 0.001) ( Fig. 2 (F)).
Thus, EE differentially shaped the adaptation strategies of
male and female rats during the training and test sessions
of the NOR. Further, analysis of the object preference data
revealed a main effect of EE [F 1, 24 = 9.109, p = 0.014], with
both sexes displaying an increased preference index during
the test phase ( Fig. 2 (G)). 
3.3. Sex-speciﬁc inﬂuence of EE on 
neurochemical markers of hippocampal plasticity 
Given that neuroplastic changes in the hippocampus
are thought to underpin the cognitive effects of EE
( Nithianantharajah and Hannan, 2006; Simpson and Kelly,
2011b ), we next examined how EE during early life im-
pacts key neurochemical molecules in the adult hippocam-
pus. Analysis revealed a main effect of EE on dopamine (DA)
levels [F 1, 24 = 4.885, p = 0.036] ( Fig. 3 (A)) and a signiﬁcant
interaction between Sex and EE on the levels of a major
DA metabolite, DOPAC [F 1, 20 = 21.90, p = 0.0001]. Follow-
up post hoc analysis showed that DOPAC levels were higher
in the hippocampus of EE-exposed males vs. CON males
(p < 0.001) and EE-treated females ( p < 0.001), as depicted
in Fig. 3 (B). A signiﬁcant main effect of EE was also observed
on levels of the other DA metabolite HVA [F 1, 24 = 15.37,
p = 0.0006; Fig. 3 (C)]. Since monoamine turnover rates are
considered to be more reliable indices of monoaminergic
than absolute monoamine (and metabolite) levels because
they integrate information regarding transmitter synthesis,
release, reuptake and metabolism ( Novais et al., 2013 ), we
also computed DOPAC/DA and HVA/DA ratios. The latter
showed that EE signiﬁcantly increased DOPAC/DA ratios in
both sexes) [F 1, 24 = 21.59, p = 0.0001; Fig. 3 (D)] but had no
effect on HVA/DA ratios ( Fig. 3 (E)). 
Examination of serotonergic activity in the hippocam-
pus did not reveal sex- or environmental-related differ-
ences in tissue serotonin (5-HT) levels ( Fig. 4 (A)). How-
ever, a main effect of EE was observed on 5-HIAA levels., Neuroplasticity-related correlates of environmental enrichment 
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Fig. 2 Corticosterone levels (a) and behavior during the Open Field Test (b,c,d,e), the Novel Object Recognition test (f,g) in 
male and female animals, following exposure to environmental enrichment (EE, lined bars and doted line at panel f) or standard 
environment (solid bars and solid line at panel f). A hash sign (#) denotes a sex difference, as indicated by the two-way ANOVA. 
A main effect of EE in the absence of a signiﬁcant interaction is indicated with “ee”. N = 7 per group. Values are presented as 
means ± standard error of mean (SEM). 
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Fig. 3 Effect of exposure to environmental enrichment (EE, lined bars) or standard environment (SE, solid bars) in the dopamin- 
ergic neurotransmission of male and female rats. Tissue levels of (a) dopamine (DA), (b) DOPAC (c) HVA, and turnover rates of (d) 
DOPAC/DA and (e) HVA/DA. An asterisk ( ∗) denotes an effect of environmental enrichment and a hash sign (#) a sex difference, as 
indicated by the two-way ANOVA. N = 7–9 per group. A main effect of EE in the absence of a signiﬁcant interaction is indicated with 
“ee”. Values are presented as means ± standard error of mean (SEM). 
 
 
 
 
 
 
 
 
 
 
 
 
 [F 1, 23 = 6.518, p = 0.018], due to increased levels of this
5-HT metabolite in both sexes exposed to EE. Further-
more, females displayed higher tissue levels of 5-HIAA than
males [F 1, 23 = 12.134, p = 0.002; Fig. 4 (B)]. With respect
to 5-HT turnover, measured as the ratio of 5-HIAA/5-HT,
two-way ANOVA revealed a signiﬁcant main effect of EE
[F 1, 22 = 5.402, p = 0.03] and Sex [F 1, 22 = 24.905, p < 0.001],Please cite this article as: N. Kokras, I. Sotiropoulos and D. Besinis et al
combined with physical activity differ between the sexes, European N
2018.11.1107 with females exhibiting higher turnover rates than males
( Fig. 4 (C)). Investigation of the effects of EE on serotonin
receptor 1A (5-HT 1A ) levels by immunoblotting, showed that
this receptor is signiﬁcantly inﬂuenced by EE in the hip-
pocampus of both sexes [F 1, 24 = 5.034, p = 0.034]. Moreover,
5-HT 1A levels were also subject to regulation by Sex , with., Neuroplasticity-related correlates of environmental enrichment 
europsychopharmacology, https://doi.org/10.1016/j.euroneuro. 
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Fig. 4 Effect of exposure to environmental enrichment (EE, lined bars) or standard environment (SE, solid bars) in the serotonin- 
ergic neurotransmission of male and female rats. Tissue levels of (a) serotonin (5-HT), (b) 5-HIAA, and (c) serotonin turnover rate 
(5-HIAA/5-HT), and (d) immunoblots of 5-HT1A receptor. An asterisk ( ∗) denotes an effect of environmental enrichment and a hash 
sign (#) a sex difference, as indicated by the two-way ANOVA. N = 7 per group. A main effect of EE in the absence of a signiﬁcant 
interaction is indicated with “ee”. Values are presented as means ± standard error of mean (SEM). OD = Optical Density units, after 
normalization against male control animals. Protein results were normalized to GAPDH (see Fig. 6 ). Representative images of West- 
ern blots are also presented for male and female control animals raised in a standard environment (SE), as well as animals raised in 
environmental enrichment (EE). 
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female hippocampi expressing lower levels than those found 
n male tissues [F 1, 24 = 7.753, p = 0.01 ¸ Fig. 4 (D)]. 
We next assessed how EE affects hippocampal levels of 
lutamate. Our data revealed a signiﬁcant Sex X EE inter-
ction on tissue glutamate levels [F 1, 23 = 17.00, p < 0.001].
peciﬁcally, glutamate levels were signiﬁcantly lower in EE- 
xposed females compared to CON females ( p < 0.001) and
lthough levels of this transmitter were higher in the hip-
ocampus of CON females vs. CON males ( p = 0.036), they
ere lower in tissue extracts from EE-reared females than 
E-reared males ( p = 0.002) ( Fig. 5 (A)). Immunoblot analy-
is revealed an interaction between Sex and EE with respect
o hippocampal levels of GluN2B subunit-containing NMDARs 
F 1, 24 = 16.430, p < 0.001]. Post hoc analysis showed that
E-reared males had increased levels of GluN2B as com- m  
Please cite this article as: N. Kokras, I. Sotiropoulos and D. Besinis et al.
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2018.11.1107 ared to their male counterparts ( p = 0.002) and that EE-
eared females express decreased GluN2B levels as com- 
ared to CON females ( p = 0.038) ( Fig. 5 (B)); further, it
merged that EE-exposed males express higher levels of this
eceptor subunit than EE-exposed EE females ( p < 0.001).
otably, GluA2 subunit-containing NMDAR levels were simi- 
ar among all groups ( Fig. 5 (C)). 
Immunoblot analysis was subsequently performed on 
ippocampal tissue extracts obtained from CON and EE- 
xposed male and female rats. This analysis showed that
E increased the expression of synaptophysin levels in 
oth sexes [F 1, 24 = 7.087, p = 0.014; Fig. 6 (A)] while Sex
as revealed to be also an important variable, with
emales expressing higher levels of synaptophysin than 
ales [F 1, 24 = 14.351, p = 0.001] ( Fig. 6 (A)). In addition, a, Neuroplasticity-related correlates of environmental enrichment 
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Fig. 5 Effect of exposure to environmental enrichment (EE, lined bars) or standard environment (SE, solid bars) in the glutamater- 
gic neurotransmission of male and female rats. Tissue levels of (a) glutamate, and western blotting of (b) GluN2B and (c) GluA2 
receptors. An asterisk ( ∗) denotes an effect of environmental enrichment and a hash sign (#) a sex difference, as indicated by the 
two-way ANOVA. N = 7 per group. A main effect of EE in the absence of a signiﬁcant interaction is indicated with “ee”. Values 
are presented as means ± standard error of mean (SEM). OD = Optical Density units, after normalization for male control animals. 
Protein results were normalized to GAPDH (see Figure 6 ). Representative images of Western blots are also presented for male and 
female control animals raised in a standard environment (SE), as well as animals raised in environmental enrichment (EE). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 non-signiﬁcant trend for EE to inﬂuence synapsin expression
in a sex-dependent manner was observed ( Fig. 6 (B)). 
A signiﬁcant Sex X EE interaction was found with respect
to hippocampal levels of the post-synaptic density protein
PSD95 [F 1, 24 = 9.028, p = 0.006]; speciﬁcally, EE-reared fe-
males displayed higher levels of PSD95 than CON females
( p = 0.001) and EE-exposed males (p = 0.05) ( Fig. 6 (C)). 
Since a role in regulating synaptic function has recently
been ascribed to the cytoskeletal protein Tau ( Frandemiche
et al., 2014 ), we also compared the levels of total and
phosphorylated Tau in hippocampal extracts from CON
and EE-reared male and female rats. While total Tau
levels did not differ between groups ( Fig. 7 (A), a two-
way ANOVA revealed a signiﬁcant interaction between
Sex and EE in the regulation of phospho-Ser396/404-Tau
(p396/404 Tau) [F 1, 24 = 11.935, p = 0.002]; brieﬂy, EE-
exposed males exhibited higher levels of p396/404 Tau than
CON males ( p = 0.002) and EE-reared females ( p < 0.001)
( Fig. 7 (B)).  
Please cite this article as: N. Kokras, I. Sotiropoulos and D. Besinis et al
combined with physical activity differ between the sexes, European N
2018.11.1107 In summary, the behavioral and neurochemical ﬁnd-
ings described above strongly suggest that the cognitive-
enhancing effects of EE are underpinned by largely different
mechanisms in the hippocampus of male and female rats. 
4. Discussion 
This study was designed to examine whether and how en-
vironmental enrichment (EE) from birth to adulthood im-
pacts on cognitive performance and neuroplasticity in male
and female rats. While there is an abundant literature that
shows that short-term EE improves cognition and can even
ameliorate the effects of cognitive-impairing neuropatholo-
gies [for review see ( Blazquez et al., 2014; Pang and Han-
nan, 2013; Simpson and Kelly, 2011a )], there are fewer re-
ports in which long-term EE (approximately 3 months in this
study) was applied ( Simpson and Kelly, 2011a ). Secondly,
studies involving EE have been done mostly in male rodents., Neuroplasticity-related correlates of environmental enrichment 
europsychopharmacology, https://doi.org/10.1016/j.euroneuro. 
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Fig. 6 Effect of exposure to environmental enrichment (EE, lined bars) or standard environment (SE, solid bars) in the expression 
of (a) synaptophysin, (b) synapsin, (c) PSD95 in the hippocampus of male and female rats. An asterisk ( ∗) denotes an effect of 
environmental enrichment and a hash sign (#) a sex difference, as indicated by the two-way ANOVA. A main effect of EE in the 
absence of a signiﬁcant interaction is indicated with “ee”. N = 7 per group. Values are presented as means ± standard error of mean 
(SEM). OD = Optical Density units, after normalization for male control animals. Protein levels were normalized to GAPDH levels. 
Representative images of Western blots are also presented for male and female control animals raised in a standard environment 
(SE), as well as animals raised in environmental enrichment (EE). 
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t  but see ( Blazquez et al., 2014; Girbovan and Plamondon,
013b; Hendershott et al., 2016; Kentner et al., 2018; Pena 
t al., 2009 )]. Thus, the present study adds further knowl-
dge to understanding how long-term EE differentially in- 
uences behavior of males and females. Thirdly, we sought 
o identify potential neurochemical players that may con- 
ribute to behavioral alterations resulting from chronic EE 
xposure; for this, we focused on the hippocampus since 
europlasticity in this brain region is strongly implicated in 
daptive and cognitive behaviors ( Cameron and Schoenfeld, 
018; Shors, 2004; Sousa and Almeida, 2002 ). 
Exposure to EE did not alter spontaneous locomotion of 
ale and female rats in the OF test; this observation is
argely consistent with previous reports on the effect of EE 
n locomotor activity ( Del Arco et al., 2007; Hattori et al.,
007; Läck et al., 2010 ). On the other hand, as compared to
ale rats, female rats exhibited overall enhanced entries 
nto the center of the OF entries, indicating their lower
evels of anxiety, as previously reported and reviewed in Please cite this article as: N. Kokras, I. Sotiropoulos and D. Besinis et al.
combined with physical activity differ between the sexes, European N
2018.11.1107 etail elsewhere ( Kokras and Dalla, 2014; Kokras et al.,
012;2018 ). Importantly, the present study demonstrated 
hat rearing under EE conditions from early life, does not al-
er basal anxiety levels in either sex. Overall, effects of EE
n locomotion and emotionality seem to depend on several
actors, such as duration of enrichment, strain of animals,
tc. ( Connors et al., 2015; Girbovan and Plamondon, 2013b;
i et al., 2016 ). 
In line with previous studies ( Beck and Luine, 2002;
owman et al., 2003; Frick and Gresack, 2003; Luine,
002 ), we observed sex differences, albeit subtle, in the
OR test by scoring behavior during both the training and
est sessions ( Sutcliffe et al., 2007a ). In fact, our data
uggest that both EE-exposed males and females show 
emory improvements, suggested by enhanced preference 
or the new object in the second (test) trial of the NOR test.
owever, males and females display differential strategies 
n performing the NOR test. Brieﬂy, EE males spent more
ime exploring the two identical objects during the training, Neuroplasticity-related correlates of environmental enrichment 
europsychopharmacology, https://doi.org/10.1016/j.euroneuro. 
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Fig. 7 Effect of exposure to environmental enrichment (EE, lined bars) or standard environment (SE, solid bars) in the expression 
of (a) total tau and (b) phosphorylated tau in the hippocampus of male and female rats. An asterisk ( ∗) denotes an effect of 
environmental enrichment and a hash sign (#) a sex difference, as indicated by the two-way ANOVA. N = 7 per group. Values are 
presented as means ± standard error of mean (SEM). OD = Optical Density units, after normalization for male control animals. Tau 
levels were normalized to GAPDH levels and pTau levels were normalized to total Tau levels. Representative images of Western 
blots are also presented for male and female control animals raised in a standard environment (SE), as well as animals raised in 
environmental enrichment (EE). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 trial than controls, whereas this was not apparent in the
test trial (equal exploration time between EE and control
males). On the other hand, EE females spent approximately
the same time, as controls, exploring the two identical
objects in the training trial, but required less exploration
time as compared to controls, during the test trial, when
they were presented with two non-identical objects. 
It is worth noting that the cognitive-enhancing effects of
EE found in this study could be potentially related to al-
tered maternal care due to the effects of EE on the mother
and/or the beneﬁcial effects of EE on the pups ( Connors
et al., 2015; Li et al., 2016 ). Indeed, experiences acquired
between birth and weaning are critical for the regulation of
neurodevelopment and the acquisition of behavioral traits
in newborn rodents and primates ( Fleming et al., 1999 ).
Previous studies suggest that sensory stimulation from the
mother during this period of high developmental plasticity
exerts an important inﬂuence on the developing subject ( Liu
et al., 2000; Ronca et al., 1993 ), in terms of physical growth
and maturation, including on those brain structures involved
in cognitive functions ( Fleming et al., 1999 ). 
Complex interactions between maternal care and the
activity of the HPA axis ( Bagot et al., 2012 ), with ultimate
effects on learning and memory ( Moore et al., 2013 ), have
been reported previously. EE has been reported to either
have no effect on circulating corticosterone levels ( BakosPlease cite this article as: N. Kokras, I. Sotiropoulos and D. Besinis et al
combined with physical activity differ between the sexes, European N
2018.11.1107 et al., 2009; Kentner et al., 2018; Pena et al., 2009 ), to
increase them ( Arndt et al., 2009 ), or to reduce them
( Harati et al., 2013; Van de Weerd et al., 1997 ), and
to prevent their rise under stressful conditions ( Welberg
et al., 2006 ), (for reviews see ( Girbovan and Plamondon,
2013a;2013b; McQuaid et al., 2012; Simpson and Kelly,
2011a )). Here, we observed higher levels of corticosterone
secretion in EE females compared to EE males, suggesting
EE-Sex interactions. However, this conclusion is limited by
the fact that we did not observe herein sex differences in
basal corticosterone levels between male and female rats
( Kokras et al., 2012 ). In this respect, strain, housing con-
ditions and gonadal hormone levels may play a critical role
( Bangasser and Valentino, 2014; Dalla et al., 2005; Kokras
et al., 2018 ). 
Notably, the external environment plays a key role in
determining brain structure, chemistry and function, and
therefore mental health. The brain is highly malleable dur-
ing early postnatal development, but it tends to become
more resistant to change with age. As mentioned before,
EE ameliorates the effects of adverse events by promot-
ing neuroplastic mechanisms ( Kentner, 2015 ). Extending
those earlier studies, the present work shows that chronic
(90 days) exposure to EE enhances DAergic transmission in
the hippocampus of both sexes. This result is interesting
because hippocampal DA is crucial for optimal cognitive., Neuroplasticity-related correlates of environmental enrichment 
europsychopharmacology, https://doi.org/10.1016/j.euroneuro. 
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Aunction ( Dalla et al., 2008 ). Since DA is involved in the en-
oding of novel contextual information, as well as in selec- 
ive attention and spatial learning ( Kempadoo et al., 2016; 
oreno-Castilla et al., 2017 ), our observations could ex- 
lain how EE improves performance in the NOR by both
exes. The EE paradigm used here also enhanced 5-HTergic 
ctivity in the hippocampus (with a contemporaneous de- 
rease in the expression of 5-HT 1A receptor protein levels) 
f male and female rats. Notably, increased 5-HTergic trans- 
ission was previously suggested to mediate EE-induced 
lasticity ( Baroncelli et al., 2010; Brenes et al., 2008 ). Since
tress-induced impairments of behavior are accompanied by 
ltered 5-HTergic activity ( Dalla et al., 2005; Pitychoutis 
t al., 2012 ), all of these observations together suggest a
ole for 5-HT in the beneﬁcial effects of EE. 
It has been reported that EE-induced neuroplasticity is 
haracterized by increases in spine number that are not 
ccompanied by major alterations in spine size distribution 
 Nithianantharajah and Hannan, 2006 ). In line with this,
e found that EE increases hippocampal levels of synapto- 
hysin, a presynaptic protein required for vesicle fusion and 
eurotransmitter release ( Greengard et al., 1993; Rehm 
t al., 1986 ), previously found to be increased in the female
odent brain, irrespective of exercise or cognitive stimula- 
ion levels ( Lambert et al., 2005 ). As reported previously
 Sifonios et al., 2009 ), we also found that EE enhances
xpression levels of the post-synaptic protein PSD-95 which 
lays a central role in plasticity of glutamatergic synapses, 
ncluding the formation of spines ( Coley and Gao, 2018 ).
trikingly, however, the EE-induced increase in PSD-95 
evels was only found in the hippocampus of females, an 
bservation that could be related to sex differences in 
his index of neuroplasticity ( Carvalho-Netto et al., 2011 ).
his is line with the reported sex-dependent increase of 
DNF levels in females exposed to EE in adulthood, possibly 
eﬂecting sex differences in basal neuroplasticity ( Bakos 
t al., 2009 ). Since neuroplastic and -chemical responses 
ay strongly depend on speciﬁc types of stimulation, it 
hould be noted that our protocol included both enrichment 
nd exercise. Exercise, within the EE paradigm, is known to
mprove working memory and increase indices of hippocam- 
al neuroplasticity, whereas EE alone modiﬁes anxiety 
 Lambert et al., 2005; Rogers et al., 2016 ). Such effects of
E seem to be differentiated along the dorsal-ventral axis 
f the hippocampus in male rodents ( Gualtieri et al., 2017;
anti et al., 2012; Zhang et al., 2018; Zheng et al., 2017 ),
ith implication of the dorsal hippocampus in the cognitive 
eneﬁts of EE and exercise, and the ventral hippocampus in 
he perception and sensation of pain ( Zheng et al., 2017 ).
iven that the hippocampus displays sex differences in 
europlasticity, such as in neurogenesis ( Dalla and Shors, 
009 ) and the density of dendritic branching and synapses 
 Andrade et al., 2000; Dalla et al., 2009; Shors et al., 2001 ),
urther studies are necessary to understand the molecular 
asis for the sex-speciﬁc effects of EE on hippocampal 
europlasticity along the dorsal-ventral hippocampus axis. 
Recent work from our own and other labs have shown that
ne physiological function of the microtubule-associated 
ytoskeletal protein Tau ( Bakota et al., 2017 ) is to regu-
ate and maintain the dynamic structure and function of 
ynapses ( Kimura et al., 2014; Kobayashi et al., 2017 ). Rear-Please cite this article as: N. Kokras, I. Sotiropoulos and D. Besinis et al.
combined with physical activity differ between the sexes, European N
2018.11.1107 ng under EE conditions did not inﬂuence total hippocampal
evels of Tau in either males or females. However, EE
ncreased the amount of hyperphosphorylated Tau (at Ser 
96/404) in the male hippocampus, a ﬁnding of particular
nterest because i) the somatodendritic distribution of Tau 
epends upon phosphorylation of the protein ( Frandemiche 
t al., 2014; Pooler et al., 2012 ) and ii) Tau is required for
he induction of synaptogenesis and the regulation of spine 
orphology by brain-derived growth factor (BDNF) ( Chen 
t al., 2012 ), a neurotrophin known to be upregulated by
 variety of EE protocols ( Nithianantharajah and Hannan,
006 ). Information derived from research on Tau, in the
ontext of neuroplasticity and neurodegeneration ( Ittner 
t al., 2010; Lopes et al., 2016 ), indicates that during neu-
onal hyperexcitability, hyperphosphorylated Tau stabilizes 
luN2B glutamate receptors at the synapses by targeting 
yn kinase to the postsynaptic density (PSD) complex 
 Kornau et al., 1995; Lee et al., 1998; Trepanier et al.,
012 ). In the present study, the EE-induced increase in Tau
hyophorylation in males was accompanied by increased 
luN2B levels. In stark contrast, EE in females reduced glu-
amate levels, failed to induce Tau hyperphosphorylation 
nd downregulated GluN2B protein expression, suggesting 
 possible mechanism that underpins the sex-speciﬁc re- 
ponses to EE. These interesting ﬁndings show that males 
nd females in response to EE have the same behavioral
henotype, although with differential behavioral strate- 
ies, but some elements of the endophenotype are either
he same (i.e. monoaminergic changes) or different (i.e. 
lutamatergic changes and phospho-Tau). Differences in the 
ndophenotype could correspond to other behavioral ef- 
ects that were not investigated here. For example, spatial,
motional or other types of learning/conditioning ( Dalla 
nd Shors, 2009 ) as well as anhedonia ( Mileva and Bielajew,
015 ) could have been inﬂuenced by EE in a sex-dependent
ay with effects on the outcomes measured in this work.
evertheless, the inﬂuence of sex-hormonal effects during 
evelopment or adulthood cannot be ruled out ( Bakos
t al., 2009; Kokras and Dalla, 2014 ). Moreover, although
ot seen in the present study (possibly due to the low num-
er of animals in each phase of the estrous cycle) the phase
f the estrous cycle may inﬂuence behavioral responses, 
s well as hippocampal neurochemistry and neuroplastic- 
ty under standard and EE conditions ( Kokras and Dalla,
014 ). However, since our chronic EE paradigm continued
rom birth to P90, the estrous cycle would not be a major
onfounder, as EE would exerted its effects over several
evelopmental stages and gonadal hormone ﬂuctuations. 
In summary, this work adds to the current understand-
ng of brain plasticity mechanisms that may be exploited
s prophylactic strategies to reduce maladaptive behaviors 
n adulthood. Its results point to several key neurochemi-
al substrates that underpin the differential response of the
wo sexes to an exposure to EE combined with physical ac-
ivity. While both sexes expressed similar behaviors in the
resent analysis (improved performance in the NOR), these 
esults do not exclude sexually differentiated neurobiolog- 
cal mechanisms. The present ﬁndings may be of special 
elevance to neuropsychiatric and neurodegenerative dis- 
rders whose prevalence is sex-biased (e.g. depression and 
lzheimer’s disease). , Neuroplasticity-related correlates of environmental enrichment 
europsychopharmacology, https://doi.org/10.1016/j.euroneuro. 
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